Abstract To reveal the C02 diffusion process into and out of the red blood cell (RBC), changes in Pco2 following the HC03-shift were examined. The RBC suspension was mixed at 37°C with saline solution having different HC03-concentrations. In proportion to the intracellular HC03-change caused by the HC03-shift, the P02 change was increased. The rate of change increased as the hematocrit and the initial intracellular HC03-content decreased. For calculating the above Pco2 change, a theoretical equation was derived from the HendersonHasselbalch equation and the relation between both the changes in buffer base and intracellular pH. The calculated Pco2 change coincided well with the measured value, suggesting the validity of the theoretical equations.
For clarifying C02 exchange rate in vivo, it is necessary to determine the diffusion rates of C02 and HC03-into and out of the red blood cell (RBC) as well as their interactions with oxygen. For estimating the above diffusion rates a simulation method using solutions of the diffusion equations for C02 and HC03-may be the most suitable at the present time. To solve the equations numerically, in turn, such parameters as the diffusion coefficients and the permeabilities of C02 and HC03-across the RBC membrane are indispensable. Recently, NIIZEKI et al. (1984) measured the rate of HC03-shift in the RBC in which carbonic anhydrase was not inhibited. They ascertained that the Pco2 in the RBC was increased due to HC03-influx, causing outward C02 diffusion, and the outflow of HC03-caused a decrease in intracellular Pco2 and subsequently the inward C02 diffusion. In general, the HC03-shift occurs whenever C02 molecules diffuse into or out of the RBC. Therefore, the phenomenon that the HC03-shift causes the secondary C02 diffusion is very important in obtaining the theoretical equations for the C02 and HC03-diffusions.
In the present study, we measured the amount of HC03-shift and Pc02 change after mixing RBC suspension with saline solution of different HC03-concentration in a closed chamber. A theoretical equation for the Pco2 change was then derived from an intracellular Henderson-Hasselbalch equation, based on the theory of MocHlzuiu et al. (1983) . The Pco2 change was then calculated from the experimental values of the initial Pco2, the intracellular HC03-content, and the amount of HC03-shift. Furthermore, the computation was validated by comparing the calculated Pcp2 with the measured one. METHODS 1) Experimental procedure. Freshly drawn heparinized blood from 7 healthy laboratory personnel, 26 to 47 years of age, was used for the analyses. The RBC were separated from whole blood by centrifugation at 650 x g for 10 min, and plasma and bully coat were removed by aspiration. The RBC were washed three times with saline solution containing 2 mM NaHC03, 3.5 mM KCI, and 144.5 mM NaCI (solution A) in the experiment examining the inward HC03-shift. In the outward shift experiment the RBC were washed with solution B consisting of 40 mM NaHC03, 3.5 mM KCI, and 106.5 mM NaCI. Both experiments were performed in three groups of different fractional hematocrits of 0.08, 0.2, and 0.3.
The RBC suspension of 2 ml was equilibrated at 38.3 Torr P002 and 140 Torr Pot by using a tonometer (I-L Meter, 237) for 5 min. The solution to be mixed with the suspension was equilibrated separately at the same Pco2 and Pot as above by bubbling for 10 min. After the equilibration, 0.75 ml of the RBC suspension was anaerobically mixed with the same amount of the solution under paraffine oil. In order to secure constancy of the mixing ratio, a 1 ml syringe mounted with a stopper was used. Accuracy of the transferred volume was estimated to be about 1 % by measuring Pco2 after mixing two solutions with different P002. In the inward shift measurement, the RBC were suspended in solution A and then mixed with solution B. Conversely, in the outward shift the RBC were suspended in solution B and then mixed with solution A. Because no significant Pco2 change was observed between 20 and 40 min after the mixing in the preliminary experiments, the mixture was set in a water bath of 37°C for 20 min, during which the suspension was stirred manually about 7 times for 10 sec.
All the parameters are tabulated in Table 1 with their notations and dimensions. The initial and final stages are referred to as X and Z states, and the intermediate stage immediately after the mixing is referred to as Y state. Parameters measured at the X state were the hematocrit of suspension, pH of both mixing solution and suspension, and C02 contents of the suspension and its extracellular fluid. The hematocrit was determined by a micro-hematocrit centrifuge (Kubota KH-120). pH was measured with a pH electrode (I-L Meter, 227). The C02 content (Ccc2) was determined with a Natelson's analyzer (NATELSON,1951) . For measuring C002 in the extracellular fluid, about 0.7 ml suspension was spun down anaerobically at 37°C at a speed of 1,050 x g for 10 min by using a thermoregulated centrifuge (Kubota, .
At the final equilibrium state after mixing (Z state), Pco 2 was measured using a Pco2 electrode (I-L Meter, 237). All the analyses were performed at least in duplicate on the same day in each hematocrit group, and algebraic mean was adopted as the measured value in individual subjects.
2) Determination of HC03-contents in intra-and extracellular fluid and their changes.
A) Intracellular HC03-content: The intracellular HC03-content at X state, (HC03-)~(X), was obtained from total and extracellular C02 contents measured in the RBC suspension equilibrated at 38.3 Torr Pco2 (=P0). It was evaluated by subtracting the extracellular C02 content, ex-C00 2 (X), dissolved C02, and carbamate fraction in the RBC from the total C02 content in the suspension, tot-Cco2(X); that is, 
where Ht is the fractional hematocrit after the mixing, a~, C02 solubility in the RBC, 0.026 mmol/(l RBC • Torr) ( VAN SLYKE et al., 1928 ; BARTELS et al., 1959) . Carbamate content in the oxygenated RBC was estimated to be 1.0 mmol/l RBC according to TAZAWA et al. (1983) . The intracellular HC03-content at Z state was calculated from the measured total and extracellular Cc02 of the suspension, using the following formula:
where Pl is the P002 at Z state. Because the hematocrit of the original RBC suspension was halved by the mixing, the intracellular HC03-content immediately after the mixing (Y state) should be one half the content given by Eq. (1). By setting
the change in intracellular HC03-from Y to Z state, 4(HC03-)~(YZ), was obtained by
B) Extracellular HC03-content: The extracellular HC03-contents in the suspension at X and Z states were measured. However, for clarifying the relation between the changes in intra-and extracellular HC03-contents due to the shift, the extracellular HC03-content at Y state, (HC03)f(Y), -which was expected to be present immediately after the mixing, became necessary. This value was calculated by subtracting the intracellular CC0, and extracellular dissolved C02 content at Y state from the total CC02 at Z state, assuming that the total C00, remained unchanged despite the HC03-shift process. That is,
where
and a f is C02 solubility of extracellular fluid. Since the extracellular HC03-at X state was measured in suspension with 2 • Ht value, the change in extracellular HC03-from X to Y state, 4(HC03-) f(XY), was calculated from the following formula :
where (HCO3r)f(X) is the extracellular HC033 content at X state. The change in extracellular HC03-content due to the HC03-shift, 4(HC03-)f(YZ), was calculated by subtracting (HCO3-)f(Y) from the final extracellular HC03-, (HCO3-)~(Z), as given by
From Eqs. (2), (4), (5), and (8), the relation between 4(HC03-)f(YZ) and 4(HCO3-)~(YZ) was evaluated as
3) Calculation of Pco2 change. The relationship between the changes in Pco2 and intracellular HC033 content was examined through the theoretical equations showing the equilibrium state between Pco2, pH, and HC03-within the RBC. The basic equation for the analysis was derived from the HendersonHasselbalch equations at two Pco2's, Po and P1. The hematocrit change between Y and Z states was not significant in both the shifts. Therefore, assuming that the hematocrit remained unchanged throughout the HCO3-shift, the equation was approximated as follows :
where 4pH0 is the difference between intracellular pH at Po and P1. According to VAN SLYKE et al. (1923) , the change in buffer base in the RBC is expressed by a product of a buffer value of hemoglobin, j9,, (mmol/(l RBC.pH0)) and 4pH0. For instance, when dehydration of HC03-occurs, the buffer base increases parallel to the change in Pco2 and pH0. In RBC suspension with hematocrit, Ht, the increase of buffer base i s given by Ht . ~~ . 4pH0. The amount of W ions liberated from hemoglobin is equal to the increase in molecular CO2 content, that is, using the a* value of Eq. (6), the following equation is derived:
Ht 3c4pHc=a* (Pl-Po) .
Let us define the amount of HC03-shift, 4(HCO3-)0*(YZ), by a sum of intracellular HC03 r change and molecular CO2 change in both intra-and extracellular fluid. Then, from Eq. (9) the 4(HCO3-)0*(YZ) is expressed by the following formula :
Putting,
the intracellular HCO3-at Z state is rewritten from Eq. (4) by using Eq. (12) 
Thus, from Eqs. (10), (11), (13), and (14), the following modified Henderson-Hasselbalch equation is obtained:
According to TAZAWA et al. (1983) , the Q~ was distributed around 66.3 mmol/(l RBC • pH). Thus, inserting the experimental values for d(HCO3-)0*(YZ), Po, and (HCO3-)~(Y) together with the above ~~ into Eq. (15), the dP could easily be evaluated.
RESULTS
Extra-and intracellular HC03-contents are summarized in Table 2 . In the inward shift the extracellular HCO3-increased by mixing from 5.7-7.4 to 21.7-20.7 mmol/l susp. The HC03-content at X state was corrected by using the ratio, When the extracellular HC03-content was reduced by the mixing, the outward HC03-shift occurred, causing the increase of HC03-in extracellular fluid. The ratio, 4(HC03-) f(YZ)/d(HC03-) f(XY) was about 0.1 at Ht=0.2, namely, it was about one half the ratio in the inward shift.
The changes of intra-and extracellular HC03~' content and P002 are summariz-ed in Table 3 . A ratio of d(HC03-)~(YZ) to --d(HC03-)f(YZ) in the inward shift, ranging from 0.4 to 0.63, was smaller than in the outward shift, where the above ratio was in a range of 0.68 to 0.78. In addition, the ratio was reduced as the hematocrit was decreased. That is, the fraction of molecular C02 produced from the total entering HC03-ions became greater as the hematocrit was decreased. During the outward HC03-shift the outflow of intracellular HC03-ions was compensated for by HC03-ions hydrated from dissolved C02 molecules. The fraction of hydrated HC03-ions to the amount of HC03w shift, d(HC03-)~*(YZ), Table 2 . Summarized data on the hematocrit, extra-and intracellular HC03~ contents before and after the HC03-shift. The correcting factor K of (HC03-) f(X) is (1-Ht)/(1-2 Ht). Fig. 2 . These values, depending on such parameters as the initial Pco2, intracellular HC03-content, and the hematocrit as described in Eqs. (12) and (15), showed a complicated relation to each other. The difference between --d(HC03-)f(YZ) and d(HC03-)~(YZ) was closely correlated with Pco2 difference, 4Pc02, because the amount of HC03~ shift, d(HC03 jf(YZ) causes both the changes in intracellular HC03-, d(HC03-)2(YZ), and in molecular C02 in intra-and extracellular spaces, a* •dPco2. Moreover, as the dependency of dPco2 on the hematocrit was not high, both the regression lines in the in-and outward shifts showed a gradient close to the unity. However, since the dPco2 in the inward shift was about twice the 4PC0, in the outward shift, the displacement between the regression line and the identity line in the inward shift was about twice as great as that in the outward shift. Table 2 . Po = 38.3 Torr. 
P02 increased with the 4(HC03-)f(YZ) and the ratio of dPco2/4(HC03-)f(YZ) was increased as (HCO3)(Y) -~and
Ht were decreased. Fairly good agreement is seen between the measured values and calculated curves.
In Fig. 4 the dPco2 values calculated from Eq. (15) are plotted against the measured 4P02. The ~~ value was 66.3 mmol/(l RBC • pH), the a f was taken to be 0.0325 mmol/(l fluid • Torr) (BARTELS et al., 1959) , and Po, Ht, (HC03 j2(Y), and 4(HC03-)2*(YZ) were cited from the measured values. The regression line was given by 4Pco2(calc.)=1.046 x 4Pco2(meas.)-0.85, where the correlation coefficient was 0.991, showing good coincidence between them. The above R~ value was validated by testing its correlation with the regression line.
When HC03-ions are dehydrated in the RBC, the intracellular pH turns alkaline. The pH change thereof is computed by dividing the dehydrated HC03-content, a* • 4P, by the buffer value, j3~. That is, the rise of intracellular pH during the inward HC03-shift is given from Eq. (l.l) by 4pHc=a* • 4P/(Ht • 13c) .
Conversely, during the outward HC03-shift the intracellular pH becomes acidic by the amount as given by Eq. (16). Figure 5 shows the above intracellular pH differences plotted against the measured extracellular pH differences before and after the HC03-shift. The change in intracellular pH was linearly related to the extracellular pH change. The regression lines in the in-and outward-HC03-shifts illustrated by the chain lines were as follows : Inward: dpH~=0.536 x dpHf, , and Outward: dpH0=0.586 x dpHf.
The solid line represents a relation between the in-and extracellular pH, which was determined from the measured C02 dissociation curve . Fairly good agreement was observed between the regression line and the relation estimated from the C02 dissociation curve by using the Henderson-Hasselbalch equation. According to the Donnan ratio for W ion so far measured (GARBY and MELD0N,1977) , the gradient of pH~ to pH p is approximated to be 0.7. That is, the regression lines of Fig. 5 were 0.11 to 0.17 less steep than the slope expected from the pH measurement.
DISCUSSION
The acid-base disturbances following the intravenous administration of NaHC03 have been studied by many authors (GESELL and HERTZMANN, 1926; GESELL et al., 1930; SINGER et al., 1956; MITHOEFER et al., 1968; OSTREA and ODELL, 1972; BISHOP and WEISFELDT, 1976) . They clarified that arterial and venous Pc02 increased during the intravenous NaHC03 infusion, and pH also increased as produced C02 molecules were expired through the lungs. However, it was not revealed that the initial P02 rise was caused by the inward HCO3 " shift, and that the P0, contrarily decreased due to the outward HCO3' shift. Moreover, it was also not clarified that the intracellular P0, change could be computed by the modified Henderson-Hasselbalch equation, as shown in Fig. 4 .
Hitherto, one of the most important problems in the treatment of the C02 diffusion in the RBC was how to involve the HC03-shift in the C02 diffusion equation. However, there was no formula to define the fraction of CO2 molecules converting to HC03' ions. In the present paper it was verified that the change in P002 caused by the HC03' shift was given by Eq. (15) in a closed system with a constant hematocrit. In other words, the Henderson-Hasselbalch equation and the relation between the buffer base and pH were valid not only in extracellular fluid, but also within the RBC. Insofar as the above equations hold, these equations should also be used to explain the intracellular P002 and HC03' changes caused by the C02 diffusion originated by the P002 gradient across the RBC membrane. For instance, when the intracellular P002 increases in a small time increment due to the inward diffusion process by 4p*, the hydration reaction of C02 subsequently takes place, reducing 4P* and producing HCO3-ions. A part of the produced HC03' ions eventually diffuse out of the RBC. In order to evaluate the amount of HC03~ shift from a mathematical equation, it is indispensable to compute the change in intracellular HCO3 ` immediately after the C02 diffusion. Let the change in intracellular HC03-content prior to the HC03' shift be 4(HC03-)~ (mmol/l RBC), as defined in the following paper . Then, the change in pH, dpH0, is given by dpH=-d(HC03-)/i3, as seen in Eq. (11) 
Basically, Eq. (17) was derived from the Henderson-Hasselbalch equation, which was already confirmed to be valid, as shown in Fig. 4 . Therefore, this equation should equally hold within the RBC, whose experimental validation is shown in Fig. 3 of the following paper . In the gas exchange in the pulmonary capillary, C02 molecules primarily diffuse out of the RBC into alveolar air, decreasing the intracellular PC02. Due to the Pco, decrease HC03-dehydration occurs, increasing the Pco2 and decreasing the intracellular HC03-content. Thus, HC03-ions shift into the RBC from plasma, causing in turn an increase of P02 by dehydration of HC03-and accelerating the outward C02 diffusion. Equations (15) and (17), therefore, would be important coupled equations to describe the mechanism of the C02 diffusion and HC03-shift into and out of the RBC.
